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Description 

Background of the invention 

5 1. Field of the Invention 

This invention relates to a dense silicon nitride sintered body. More particularly, this invention relates to 
a high density silicon nitride materia) having excellent fracture toughness and excellent strength, and to a 
method of manufacturing the same. 

10 

?: Description of the Prior Art 

Sintered silicon nitride ceramics are well-known for their excellent strength at temperature in excess of 
1000*0. However, at temperature greater than 1200*C for the advanced turbine engine applications, few 

75 silicon nitride ceramics meet the strength requirement. Furthermore, conventional silicon nitride ceramics 
have fracture toughness typically ranging from 4 to 6 Mpa»m 0 - 5 , such low toughness makes them 
susceptible to significant strength degradation from the damage introduced during engine operation. It 
would be desirable to provide a silicon nitride having both high fracture toughness, hence strong resistance 
to damage, and high strength both at room and elevated temperature. Moreover, it would be most desirable 

20 to have a silicon nitride material with this combination of excellent properties which can easily be formed 
into near net shape parts of complex geometry. 

Su mmary of the Invention 

25 The present invention provides a silicon nitride ceramic having high strength and nign tougnness. Such 
advantageous properties are the direct result of a unique microstructure and composition present in the 
sintered ceramic body. In particular, the silicon nitride ceramics of this invention evioence fracture 
toughness greater than 7.5 Mpa»m 0 - 5 and four-point bending strength greater than 600 MPa at room 
temperature and greater than 450 MPa at 1375 6 C. Such ceramics are processed using gas pressure 

30 sintering, therefore can be manufactured into complex shapes easily and economically. 

According to one aspect of this invention, there is provided a silicon nitride sintered body having a 
composition and a microstructure consisting essentially of: 

(a) 85 to 94% by weight $ siWcon nitride; 

(b) 6 to 15% by weight grain boundary phases consisting essentially of (i) at least two rare earth 
35 elements, wherein yttrium is considered a rare earth, and, optionally strontium, which, calculated as SrO, 

is 0 to 2 percent by weight of the total body, and (ii) at least two of Si, N, O and C; and 

(c) an additive consisting essentially of a metal carbon compound present in the amount about 0.2 to 
3.5 parts by volume per 100 parts by volume of the components (a) and (b), saio aoditive being 
substantially homogeneously dispersed within said sintered body, said sintered body hs.^g a micro- 

40 structure wherein (i) said £ silicon nitride grains are acicuiar and have an average grain .vidth ranging 
from 0.5 to 1.5 urn, (ii) at least 25% of said grains have width greater than 0.7 urn, and at ieast 10% of 
said grains have width greater than 1 urn, and (iii) no more than 5% of said grains have width greater 
than 3.5 am and apparent aspect ratio greater than 5, with the proviso that the average aspect ratio of all 
grains is at least 1 .8, and having a density at least 95 percent of theoretical. Preferably the metal-carbon 

45 compound is a carbide, nitro-carbide or oxynitro-carbide and the metal is at ieast one of Si, Ti, Hf, Zr, 
Ta, Mo and V. 

According to another aspect of the present invention, there is provided a process for sintering the 
silicon nitride body which comprises two or more steps wherein (a) at least a first of the steps is carried out 
at a temperature between 1800 and 2000 *C and for a time ranging from about 1 to 10 hours in order to 

50 prepare an intermediate ceramic; (b) at least a succeeding one of the steps is carried out at a temperature 
ranging from about 2000 to 2100 0 C and for a time ranging from about 1 to 10. hours. in order to heat treat 
the intermediate ceramic; (c) each of the steps being carried out under nitrogen pressure sufficiently high to 
avoid decomposition of silicon nitride, and the temperature of the succeeding steps being at least 25 • C 
greater than that of the first of the steps. 

55 According to the last aspect of this invention, there is provided a post-sintering heat treatment of this 
silicon nitride body that preserves its excellent toughness. This treatment can be a crystallization heat 
treatment during cooling from the sintering temperature or during a reheating step, or it can be an annealing 
neat treatment for a silicon nitride containing primarily crystalline grain boundary phases. As a result of that 
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treatment, the grain boundary phases are substantially crystalline and are formed or recrystallized by the 
annealing. Such post-sintering crystallization or annealing is carried out at a temperature greater than 
1375 " C, and preferably greater than 1450 6 C. 

According to the present invention, there is provided a silicon nitride ceramic body that has fracture 

5 toughness greater than 7.5 MPa-m 05 when measured by the Chevron-notch technique described herein- 
beiow; R-curve behavior and damage resistance properties which are reflected by the ceramic body's 
indentation strength, as defined hereinbelow, greater than 500, 400, 350, 300, 270 and 220 MPa at 
indentation loads of 1, 5, 10, 20, 30 and 50 kg, respectively; and a four point flexurai strength of at least 600 
MPa at room temperature and at least 450 MPa at 1375° C. 

70 Advantageously, the silicon nitride of this invention is fabricated by a gas pressure sintering process 

which does not have the shape and size limitations of hot pressing, and which does not require the 
encapsulation and de-encapsulation steps and the high gas pressure of hot isostatic pressing. The 
combination of excellent properties and ease of fabrication makes the silicon nitride ceramics of the present 
invention most suitable for industrial applications such as components for gas turbine and automotive 

15 engines and as cutting tools. 

Brief Description of the Figures 

FIG. 1 is a transmission electron micrograph of the grain boundary phase referenced in example No. 11, 
20 electron diffraction indicates that the grain boundary phase is primarily glassy; and 

FIG. 2 is a transmission electron micrograph of heat-treated sample No. 11 showing SisN* grains, 
crystalline grain boundary phases, and a SiC particle. 

Description of the Preferred Embodiments 

25 

Three requirements have to be met concurrently to manufacture a high toughness and high strength 
(room temperature and 1375 e C) silicon nitride ceramic: (1) the grain boundary phase must be refractory so 
that the 1375°C strength can be high; (2) the ceramic must be dense and have an optimum microstructure 
consisting of whisker-like /S Si 3 N 4 grains; and (3) the grain boundary must be relatively weak for sufficient 

30 debonding along the grain boundary of the whisker-like £ Si 3 N 4 grain to take place. Details for selecting 
conditions to manufacture a silicon nitride to meet all these requirements are set forth hereinafter. 

in principle, the sintered body of the present invention is formed by sintering a composition comprising 
(a) silicon nitride, (b) rare earth compounds and optional strontium compound as sintering aids, and (c) 
metal-carbon compounds. In this composition, component (a) should be present in an amount 85 to 94 

35 percent by weight, and the component (b) should be present in an amount 6 to 15 percent by weight to 
make up the 100 percent. In addition, component (c) should be present in an amount about 0.2 to 3.5 parts 
by volume per 100 parts by volume of the components (a) and (b). 

The product of this invention should comprise no less than 85 weight percent silicon nitride so that the 
voiume fraction of the grain boundary phases is not too high as excessive grain boundary phase may 

40 degrade the fracture toughness and high temperature properties. However, the amount of silicon- nitride 
should be no more than 94 weight percent so that the quantity of liquid phase for sintering is sufficient for 
densification to proceed to at least 95 percent of theoretical density. 

The product of the present invention is fabricated by adding about 6 to 15 percent by weight sintering 
aids which form grain boundary phases. Sintering aids consisting of Y2O3, ranging from 1 to 5% by weight, 

45 La 2 0 3) ranging from 3 to 8%, and SrO, ranging from 0 to 2% by weight, may be used for enhancing 
densification. While said oxides are effective sintering aids and are used in the present invention, it is well 
known in the field that all rare earth oxides can be effective and refractory sintering aids, and may, 
therefore, be employed to fabricate the product of this invention. One reason for selecting a composition of 
at least two rare earth compounds and optional strontium compound is to reduce the iiquidus temperature 

50 of the system so that densification and microstructure development can be accomplished by processes 
other than hot-pressing or hot isostatic pressing. The amount of strontium added when calculated as SrO 
should be no greater than 2% by weight so that the high temperature properties will not be degraded. 
Another reason for selecting said composition is that the resulting grain boundary phases have good 
debonding property and yield ceramics with high fracture toughness. 

55 Another requirement in the fabrication of the product of this invention is to add at least one metal- 

carbon comoound in the powder mixture. The amount of metal-carbon compounds should not exceed 3.5% 
:■>■ -/.jiurrii ; .,roer to permit sintering to full density, and shoulc :. a- ieast 0.2% by volume in order to be 
7 " " : - -rial-carbon compound used ir *rif : a no cation •? crystalline or amorohous. It can be 
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carbide, nitrocarbide or oxycarbonitride. It can also be introduced via a chemical reaction of a carbon 
bearing species in gas, liquid or solid state with metallic species which eventually forms a metal-carbon 
compound in the silicon nitride ceramics. 

The metal-carbon compound addition improves the strength properties through moderation of the grain 
5 growth kinetics during sintering thus resulting in a more uniform and finer microstructure, and through the 
modification of grain boundary properties. During sintering, two possible reactions occur in the product of 
this invention owing to the addition of metal-carbon compound. First, the metal-carbon compound can 
partially dissolve into liquid phase at sintering temperature, and because carbon has strong bonding with 
other cation elements such as silicon and rare earth in the liquid, the viscosity of the liquid can be 

10 increased. Second, excess metal-carbon compound particles at grain boundaries can inhibit grain boundary 
migration. The combination of these two effects can suppress exaggerated grain growth and result in a 
more uniform and finer microstructure as compared to the microstructure of a similarly processed silicon 
nitride which does not contain metal-carbon compound. This more uniform and finer microstructure affords 
production of ceramic parts having high strength. Incorporating carbon in the grain boundary glassy phase 

75 also improves its rigidity and as a result the high temperature strength of the sintered silicon nitride 
improves. Similar effects of carbon on the properties of oxycarbonitride and oxycarbide glasses have been 
reported by, for instance, J. Homeny et a!, J. Am. Ceram. Soc.,70 [5] C-114 (1987). 

According to this invention, a desirable microstructure and grain boundary property yielding high 
toughness and high strength can be generated by sintering the silicon nitride powder compact of 

20 aforedefined compositions by a special process consisting of at least two temperature steps. 

The purpose for the first firing step is to prepare an intermediate ceramic of about 70 to 95 percent 
theoretical density comprising a high density of whisker-like & S'i3N^ grains of uniform sizes nucieaied ano 
grown in situ through the transportation of atoms via vapor and liquid phases. The formation of this 
intermediate microstructure is possible since the powder compact initially had high pore volume providing 

25 room for Si 3 N 4 grain to grow along its c axis under the anisotropic surface energy driving force. This 
incorporation of high density of whisker in the ceramic body can not be achieved by traditional ceramic 
processing means without problems such as agglomeration and poor green density which translate to 
sintered parts of poor quality. The firing temperature should be greater than 1800 • C so that the nucleation 
and growth rates for the whisker-like grain are adequate. It should be less than 2000 a C because 

30 higher temperatures during this step result in exaggerated growth of silicon nitride grains which can 
eventually lead to a ceramic body of undesirable microstructure. In addition, the firing time should range 
from about one to 10 hours to allow sufficient amount of whisker-like Si 3 N* grains to develop while 
controlling grain coarsening so that densification and development of desirable microstructure proceeds. 
The intermediate ceramic is then further sintered at a temperature ranging from 2000 "C to 2100 C C for 

35 a time ranging from 1 to 10 hours in order to form a final ceramic body reaching at least 95 percent of 
theoretical density and to further develop the in situ grown, whisker-like /3 Si 3 N* grains. A temperature 
higher than 2000 0 C and at least 25 • C higher than that of the first step is selected in order to complete the 
densification of the ceramic and to generate a large quantity of whisker-like p S13N4 grains. The 
temperature is limited to less than 2100 °C because at temperatures in excess of 2100 *C the process of 

40 grain coarsening becomes significant and has undesirable effects on microstructure. The heat treating time 
should range from 1 to 10 hours so that sufficient densification and grain growth occur for the desirable 
microstructure to form. 

The sintering and heat treating steps are carried out under elevated pressure of nitrogen gas or of a 
mixture of N 2 with one or more inert gases such as Ar or He. Further, in order to prevent excessive 

45 decomposition of silicon nitride during the sintering and heat treating steps, it is preferred that the nitrogen 
pressure is not less than 3.3, 8, 23, 30 and 50 atm at 1800, 1900, 2000, 2050, and 2100 "C, respectively. 

If the silicon nitride fabricated using the conditions described hereinabove is cooled relatively fast from 
the sintering temperature so that the liquid phase forms glass (or amorphous phase) between the Si 3 N« 
grains, its microstructure and grain boundary phase property yield a. ceramic body with chevron-notch 

50 fracture toughness greater than 7.5 MPa-m 0 - 5 and good damage resistance properties. However, if the 
silicon nitride is slow-cooled or heat-treated after sintering so that it contains primarily crystalline grain 
boundary phases, the damage resistance properties of said silicon nitride ceramic are found, unexpectedly, 
to depend strongly on the temperature at which the major crystallization event takes place. If this event 
takes place either during cooling or in a reheating process at 1375'C or lower temperatures, the grain 

55 boundary property changes and results in significant reduction of damage resistance. On the other hand, if 
the major crystallization process takes place at temperatures above 1375*C, more preferably above 
1450"C, th* damage resistance property remains about the same as that of the silicon nitride ceramic 
without the metallization heat treatment. Moreover, we have unexpectedly found that for silicon nitride 
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ceramics which have lost snmp nf th^ir Ham^, 

tion at 1375 *C or Iowa emperlt^s an annVaT' " 3 ° f Srain b ° Undary Phase WW** 

restore the material's fractuTe toughness 9 Pr0CSSS * ^ er ^ greater than 1375'C can 

o^XZfXLiZZSr^ 01 3 98neral Pr0Cedure ^ "-nurturing the final silicon nitride 

"endln^^ * Prepare. by 

taken as oxides) consistino nrimarilv ni l ! !f « ' o) s,nter 'n9 aids (6 to 15 wt% when 

compound of Sr and adSna 0 2 to 3 5 2 31 ' eaSt tW ° ^ 6arth elements and 0 f>^ 

compounds of rare eadhlTents ^ pit^y™, .1"%^^ °° mp0Und - ^ 
carbide. The powder mixture is then formed I into IT*, w meta '- carbon compound is preferably a 
isostatic p^^e ^ s,ip oastin 9 , oo,d 

,rm T : n e SE^^rri i d a r peratu ? from 1800 to 23 1 - - — * 

hours to yield a sintered s^on nitride bodv T^t at . temparatures between 2000 and 2100-C for 1 to 10 
growth process. At furnacftempe atures VoT^T-VT * referred t ° 35 the Si " terin 9 and grai " 
having sufficient nitrogen partial ^C^^l SSTdCSET^ ST ^ ^ 

so f r SntSjTpC 9r ° Wth Pr0C6SS ' ^ re.atively fast 

above 1375 -C fo crystalS J o" th 7<^bZT' T^"' ^ then to 8 ^mperature 

sintering temperature in a conned way H« « .e2 9oT" t he ^ T ^ C0 °' ed d0Wn ^ the 
temperatures above 1375 ■ C, and more preferably above 1450 °c The' TJr Z 7 T CrySta " i2eS at 
crystallized at temperatures below 1375-C first LhT I 9 boundar V Phase can also be 

more preferably at te^erat^s^JlsoT * temperatures above 1375-C, and 

" the siZ SetSZ^rn^T, t7T*? ** * ~ 

urn but less than 1 5 urn and at least ST™ If / i ' 4 9ra ' nS haVmg average width 9 reater ih ™ 0-5 
greater than 0.7 urn and at least fo perceTofle '£0°' tT"" ° f M ^ ^ M 

and ,ess than 5 percent of the grain ^ITgStoCV*"* T* ^ ^ ^ ' ^ 

3 o than 5, and an average apparent aspect ratio oTat Lst aboJu 8 ^° ^ 

greatest ^m%J2^^Kr'^ ^ ^ ,nvertton haS fraCtura tou 3 h — 
corresponding 1, 5 To ^S^ITS^^T'^ f 5 °' 420 ' 370 ' 320 ' «"d 250 MPa at 
strength greater than 700 Mpf an 1 375 • C E ; ndentatlor \ load respective.y, has room temperature 
35 body consists of: Stren0th 9reater than 500 MPa - Said silicon nitride sintered 

(a) 88 to 93% by weight 0 silicon nitride- 

where* yttrium Z%^££7^j^ "T^ ° f W at ' SaSt tW ° ™ ^ 

body when calcuiateTaf S^and^ "oS S.TS 'and £ £J ^ ^ "* " °' *» «* 
It 3 ;" 3 JhTn T^^^l^r^l and/o/titaniUm carblda P ad '-' a te with an average 
volume of the components (a?Z uTI T ^ °' 5 l ° 1,9 PartS by V °' ume P er 100 P arts ^ 
silicon nitride grZ ^HScStr and hi'J »J b0dy h3Vin9 3 microst ™^ wherein (i) said /, 

25% of said grains have w iT^Zn O ^T 99 ^ ^ ^ ° 6 t0 12 " m ' <"> at ,east 

than 1.1 urn and flii) less iZ s lTrJlZ i ^ 3 35 ' 8aSt 1 ° % ° f said grains have width Qreater 
aspect ratio greater ha 5 i h tfe proviso hat S Z ^ ^ ^ ^ 3 ^ ^ 
and having a density at .e^t 97 perce'm oi ^oretica- 9 3PParem aSPSOt ^ " ' e3St 3b ° Ut 1 * 
to 40 S iChr s 1;^ t8mperat - ba '-en 1850 and 2000'C under 5 

and 2050 -C and hoWino Tor o ne Z fT? h h ° UrS ' then r3mpin9 t0 tem P era ture between 2000 

last hour of firing at lempeLre 'SJZ^^^",??^™ " ^ ^ *» 

100 to 400 atmosphere by injecting argon gas into the ^urnac- " ^ " """^ ,0 & ^ ^ 

tests 7 ": ni,ride ceramic oody are readiiy meas - ed by - ° f 

by 50 mm ba- loadino L h!r nn m f eaSUrement ,s carr,ed out ^ cutting the material into 3 mm by 4 mm 
a^;^^^ « ^ ^er and ouJspans. 

6 35 rrT':: : S USed for . ,racture toughness measurement. A Chevron-notched specimen 
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loading rate 0.0127 mm/min. The said method is adopted in the Advanced Turbine Technology Applications 
Project of the Department of Energy of the U.S. Government for structural ceramic materials evaluation and 
selection. 

The indentation-strength measurement is carried out by preparing 3 mm by 4 mm by 50 mm bars, 
5 diamond polishing the tensile surface down to 1 am finish, indenting at the middle of the polished surface 
with Vickers indenter to generate cracks parallel to the edge of the bar, then fracturing using the procedure 
described above for strength testing. Since the silicon nitride ceramic body of this invention possesses R- 
curve behavior, a range of Vickers indentation load preferably between 1 kg to 50 kg should be used to 
unequivocally characterize this property. 
10 The microstructure and grain size of silicon nitride are characterized using scanning electron micro- 
scopy and an image analyzer. The sample is prepared by polishing the surface to be examined down to 1 
urn finish using diamond paste, etching with molten NAOH at 400 9 C for 2-6 minutes, and coating the 
specimen with conducting material like gold. The image analyzer can map out the morphology and 
dimensions of individual silicon nitride grains. For each specimen at least 3000 grains are measured. The 
15 minimum and maximum projections for each grain are defined as the grain width and grain length, 
respectively. The apparent aspect ratio is calculated by dividing the maximum projection (grain length) by 
the minimum projection (grain width). 

EXAMPLE 1 

20 

The starting compositions for silicon nitride ceramics used in this example are shown in Table 1(a). A 
raw material powder of Si 3 N<v with alpha content of 96% and containing less than 100 ppm of metallic 
impurities such as Fe, AI, Ca, Na, or K and 1 percent by weight of oxygen and having an average grain size 
of 0.6 urn and a specific surface area of ~13 m 2 /g was used. Yttrium oxide (Y2O3) and lanthanum oxide 
25 (La 2 03) with purity of more than 99% by weight and average grain size less than 10 micrometers were 
used in the proportions as shown in Table 1(a). 



TABLE 1(a) 



30 


Sample No. 


S13N4 (wt %) 


Y2O3 (wt %) 


La 2 0 3 (wt %) 


SrO (wt %) 


M-C Compound (volume %) 




V 


92 


1.8 


5.4 


0.8 






r 


92.2 


1.8 


5.6 


0.4 






3* 


90 


2 


6 


2 




35 


4* 


90 


2 


6 


2 






5" 


92 


1.8 


5.4 


0.8 


4 SiC 




6* 


88 


2.5 


7.5 


2 


4 Sic 




T 


92 


1.8 


5.4 


0.8 


6 SiC 




8* 


92 


1.8 


5.4 


0.8 


0.5 SiC 


40 


9* 


92 


1.5 


4.5 


2 


1 SiC 




10 


92 


1.8 


5.4 


0.8 


0.5 SiC 




11 


92 


1.8 


5.4 


0.8 


1 SiC 




12 


92 


2 


6 


0 


1 SiC 




13 


90 


2 


6 


2 


1 SiC 


45 


14 


91.2 


4.7 


3.3 


0.8 


1 SiC 




15 


92 


2.7 


3.9 


1.4 


1.5 SiC 




16 


92 


1.7 


4.9 


1.4 


1.5 SiC 




17 


92 


1.7 


4.9 


1.4 


1.5 SiC 




18 


92 


1.8 


5.4 


0.8 


0.5 HfC 


50 


19 


92 


1.8 


5.4 


0.8 


0.3 HfC 




20 


92 


1.8 


5.4 


0.8 


0.7 TiC 




21 


92 


1.8 


5.4 


0.8 


0.7 TiC 




22 


92 


1.8 


5.4 


0.8 


0.3 TaC 



Strontium carbonate (99% pure, ~1 um average size) was used as the precursor for strontium oxide (SrO): 
one hundred parts by weight strontium carbonate yield 70 parts by weight SrO. Appropriate amounts of 
strontium carbonate were used to yield strontium oxide with the weight percentages shown in Table 1(a). 
The quantity o' metal ca- - - ' ^2% Dure, average size ranging from 0.2 urn to 5 urn) shown in Table 1(a) 
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was calculated as a percentage of the total volume. For each compound, its amount in volume is equal to 
its amount in weight divided by its density. The densities for pure Si 3 N 4 , Y 2 0 3: La ? 0 3 , SrO, SiC, TiC, HfC, 
and TaC compounds are 3.2, 5.0, 6.5, 4.7. 3.2, 4.9, 12.2. and 13.9 g/cm 3 , respectively. 

The formulated mixture weighing 350 g was wet-milled for 24 hours in a one liter high density 
5 polyethylene bottle with 500 mL isopropanol and with 2 kg silicon nitride grinding media. The milled slurry 
was vacuum dried, and the resulting powder sieved through a 60 mesh nylon screen. The sieved powder 
was isostatically pressed at a pressure 200-300 MPa to obtain green compacts of approximately 25 mm by 
25 mm by 60 mm. The green compacts were fired under the conditions shown in Table 1(b). The properties 
measured for these samples are shown in Table 1(c). 

70 

TABLE 1{b) 





Odin pi C INU. 


I emperature 


i ime i [nt) 


Max. Pressure 


Temperature 2 ( * C) 


i jme 2 (nr) 


Max. Pressure 


75 




i CO 




1 (atm) 






2 (atm) 


r 


1975 


3 


20 










2" 


1975 


3 


21 


2000 


2.5 


100 




3* 


1950 


4 


17 


2050 


4 


80 




4* a 


1700 


2 


2000 








20 


5" 


1975 


3 


20 


2025 


3 


30 




6* 


1975 


3 


20 


2025 


3 


100 




7* 


1975 


3 


20 


2025 


3 


100 




8* 


1975 < 


3 












9" 


1975 


1.5 


20 








25 


10 


1950 


4 


20 


2025 


4 


80 




11 


1975 


3 


20 


2025 


3 


100 




12 


1975 


3 


20 


2025 


3 


100 




13 


1975 


3 


20 


2010 


3 


100 




14 


1850 


4 


10 


2025 


3 


100 


30 


15 


1975 


3 


20 


2025 


3 


100 




16 


1850 


4 


10 


2025 


3 


100 




17 


1975 


3 


10 


2025 


3 


100 




18 


1975 


2 


20 


2050 


2 


100 




19 


1975 


3 


20 


2025 


3 


100 


35 


20 


1975 


3 


20 


2025 


3 


100 




21 


1950 


6 


15 


2050 


2 


200 




22 


1975 


3 


20 


2050 


2 


400 



Note: 

a green billets glass-encapsulated and hot-isostatically pressed. 
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TABLE 1(c) 





Sample No. 


Relative Density {%) 


Strength at 25 6 C (MPa) 


Strength at 


Fracture Toughness 


5 








1375 * C (MPa) 


(MPa-m 05 ) 




r 


88 


_ 


_ 


_ 




T 


100 


630 


412 


9.0±0.2 




3 K 


98.9 


590 


372 


11.6±0.7 




4* 


100 


965 


532 


5.6 


70 


5* 


93 










6* 


98.7 


847 


449 


7.1±0.1 




T 


85 










8* 


93.7 










9* 


82 








75 


10 


99.3 


748 


486 


9.0±0.3 




n 


9S.4 


777 


515 


8.7±0.1 




12 


100 


759 


519 


8.6±0.1 




13 


100 


789 


488 


8.410.1 




14 


99.4 


757 


450 


7.8±0.1 


20 


15 


98.4 


736 


450 


8.1 




16 


100 


816 


473 


8.2±0.2 




17 


100 


821 


459 


8.1 ±0.3 




18 


100 


658 


456 


9.0 




19 


100 ■ 


708 


495 


9.2+0.1 


25 


20 


98.2 


731 


490 


8.5±0.1 




21 


100 


723 


511 


9.3 




22 


100 


654 


479 


8.6±0.1 



Note: 



"outside the scope of the present invention 



Sample Nos. 1 to 9 either have 1375*C strength lower than 450 MPa, or fracture toughness (ess than 
7.5 MPa- m 0 - 5 , or density less than 95 percent of theoretical. Notice that sample Nos. 1 to 4 did not contain 
metal-carbide compound and sample Nos. 1, 4, 8, and 9 were fired using conditions outside the 

35 specification of this invention. Sample Nos. 1, 8 and 9 demonstrate that sintering at 1975°C only cannot 
achieve densification greater than 95 percent of theoretical density and hence the properties of the ceramic 
are expected to be poor. Sample Nos. 2 and 3 demonstrate that the strength of the ceramic in the absence 
of carbide addition is generally low although the fracture toughness is high. Sample No.4 shows that 
sintering by glass-encapsulation hot-isostatic pressing yields silicon nitride ceramics with excellent strength 

40 but poor fracture toughness. Sample Nos. 5 and 7 did not density to greater than 95 percent theoretical 
density because the silicon carbide content was excessive and the materials could not be gas pressure 
sintered. Note that sample No. 6 is sintered using the same schedule as sample No. 5, and has the same 
amount (4 % by volume) of carbide additive, but is able to reach density greater than 95% of theoretical 
because the amount of sintering aids is 4% by weight more. Notice that its strength and fracture toughness 

45 are slightly below that of the present invention. 

in contrast, it is seen that samples Nos. 10 through 22 simultaneously have high density, fracture 
toughness above 7.5 MPa^m 05 , room temperature strength greater than 600 MPa, and 1375'C strength 
greater than 450 MPa. These samples are silicon nitride sintered bodies consisting of 85 to 94 percent by 
weight silicon nitride grains. The balance to 100 percent is grain boundary phases, primarily consisting of at 

so least two rare earth elements and minor Sr in the amount 0 to 2 weight percent when calculated as SrO, 
and other elements like Si. N, O, C, and impurities. In addition, these samples contain less than 3.5 but 
greater than 0.2 volume percent of carbides. The sintered bodies are prepared using a schedule comprising 
two steps of which the first one is carried out at temperatures between 1800 and 2000 °C and for a time 
from 2 to 6 hours and the second step is carried out at temperatures ranging from 2010 "C to 2050 °C and 

55 for a time between 2 and 4 hours. 

In Table 2, indentation-strength data for sample Nos. 4, 6, 11, 14 and 20 of Table 1 are compared. 
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TABLE 2 



10 



Sample No. 


Strength (MPa) after Indentation at indicated Load 


1 Kg 


5 Kg 


10 Kg 


20 Kg 


30 Kg 


50 Kg 


4 W 


493 


336 


259 


221 


197 


188 


6* 


665 


418 


333 


290 


264 


220 


11 


623 


453 


398 


352 


330 


283 


14 


614 


420 


376 


315 


283 


232 


20 


648 


453 


389 


363 


301 


285 



Note: 

"outside the scope of the present invention 



At a Vickers indentation load of 1, 5, 10, 20, 30, and 50 kg, respectively, the indentation or residual 
strengths of sample No. 4 are the lowest, reflecting the low fracture toughness of this hot-isostatically- 
pressed silicon nitride. The indentation strength of sample No. 6, which has a Chevron-notch fracture 
toughness of 7.1 MPa-m 05 , at indentation load greater than 5 kg are all lower than the corresponding 
strengths for sample Nos. 11, 14, and 20. This demonstrates the R-curve and damage resistance property 
of the product of this invention. 

After the sintering, the cooling rate for all samples in Table 1 was ~80°C/min. from "2000 9 C to 
1600°C, and ~40°C/min. from 1600 e C to 1000'C. This cooling schedule generates sintered silicon nitride 
comprising primarily amorphous grain boundary phase. Figure 1 is a Transmission Electron Microscope 
(TEM) micrograph of sample No. 1 1 showing the grain boundary phase remains amorphous. Figure 2 is the 
TEM micrograph of sample No. 11 heat-treated at 1300 °C in nitrogen for 5 hours showing a SiC particle 
adjacent to Si3N* grains and crystalline grain boundary phases. 

EXAMPLE 2 

In the same manner as described in Example 1, cold isostatically pressed bodies were prepared by 
using compositions shown in Table 3(a), sintered using the conditions shown in Table 3(b). The properties 
of the sintered silicon nitride are listed in Table 3(c). In Table 3(d), the microstructura! features including 
average grain width, grain width at 75, 90, 95, and 99 percent cumulative frequency, average aspect ratio, 
and aspect ratio at 95 percent cumulative frequency are listed. 



TABLE 3(a) 



Sample No. 


Si 3 N* (wt %) 


Y2O3 (wt%) 


La 2 0 3 (wt%) 


SrO (wt%) 


M-C Compound (volume %} 


23" 


92 


1.8 


5.4 


0.8 




24* 


90 


2 


6 


2 




25 


92 


1.8 


5.4 


0.8 


0.5 SiC 


26 


92 


1.8 


5.4 


0.8 


1 SiC 


27 


92 


1.5 


4.5 


2 


1 SiC 


28 


92 


1.8 


5.4 


0.8 


2 SiC 



30 



35 



50 



55 
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TABLE 3(b) 



Sample No. 


Temperature 


Time 1 (hr) 


Max. Pressure 


Temperature 2 { * C) 


Time 2 (hr) 


Max. Pressure 




1 CO) 




1 (atm) 






2 (atm) 


23" 


1960 


4 


20 


2050 


2 


80 


24* 


1960 


4 


60 


2050 


3 


80 


25 


1975 


3.5 


20 


2025 


3 


100 


26 


1975 


3 


20 


2025 


3 


100 


27 


1975 


3 


20 


2025 


3 


100 


28 


1975 


3.5 


20 


2025 


3 


100 



TABLE 3(c) 



Sample No. 


Relative Density (%) 


Strength at 25 * C (MPa) 


Strength at 
1375'C (MPa) 


Fracture Toughness 
(MPa.m 0 - 5 ) 


23* 


100 


620 


345 


10.0±0.3 


24' 


100 


667 


355 


8.9±0.5 


25 


99.5 


661 


511 


8.7±0.1 


26 


100 


802 


578 


8.5*0.1 


27 


99 : 


781 


498 


8.5±0.3 


28 


99.5 


866 


494 


7.9*0.2 



TABLE 3(d) 



35 



Sample No 


Cumulative Grain Width (urn) Distribution 


Aspect Ratio Distribution 


Average 


75% 


90% 


95% 


99% 


Average 


95% 


23* 


1.4 


1.7 


2.5 


3.3 




5.4 


2.0 


3.8 


24* 


1.0 


1.2 


1.7 


2.0 




3.1 


2.1 


4.0 


25 


0.8 


1.0 


1.3 


1.6 




2.3 


2.0 


3.6 


26 


0.8 


1.0 


1.4 


1.8 




2.7 


1.9 


3.5 


27 


0.7 


0.9 


1.2 


1.5 




2.1 


2.0 


3.7 


28 


0.7 


0.8 


1.1 


1.3 




2.0 


2.0 


3.8 



40 Note 

"outside the scope of this invention 



From Table 3(c), we see that sample No. 23 has the highest fracture toughness but lowest room 
temperature strength, while sample No. 28 has the lowest fracture toughness but highest room temperature 
strength. From Table 3(d), we see that sample No. 23 has the coarsest while sample No. 28 has the finest 
microstructure. This microstructure and mechanical properties correlation can be understood in terms of R- 
curve behavior of the material. Moreover, sample No. 23 has a room temperature strength (620 MPa) close 
to the lowest strength (600 MPa) for product of this invention, whereas sample No. 28 has a fracture 
toughness (7.9±0.2 MPa-m 0 - 5 ) close to the lowest fracture toughness (7.5 MPa*m 0 - 5 ) for product of this 
invention. 

Thus, from data shown in Table 3 (a) to (d), it can be seen that sintered silicon nitride ceramics with 
fracture toughness greater than 7.5 Mpa-m 05 and room temperature and 1375°C strengths greater than 
600 and 450 MPa, respectively, have average grain width greater than 0.5 urn but less than 1.5 M-m, and at 
least 25 percent of the total number of silicon nitride grains having width greater than 0.7 urn, and at least 
10 percent of the silicon nitride grains having width greater than 1 urn, and less than 5 percent of the grains 
having width greater than 3.5 urn and apparent aspect ratio greater than 5, and an average apparent aspect 
ratio of at least about 1.8, anc nave grain bo:.:naary phases primarily consisting of at least two rare earth 
element? and minor Sr in th-. p^-'.-nl of 0 T ' "~'?h- percent wher. calculated as SrO and other elements 



EP 0 589 997 B1 



such as Si, N, 0, and C, and 0.2 to less than 3.5 volume percent of metal-carbon compounds 
EXAMPLE 3 

Sample Nos. 11, 19, 20, 22, 27 and 28 of Tables 1 and 3 were heat treated at various temperatures to 
crystallize the grain boundary phase, or and crystallized first at a lower temperature and then further 
annealed or recrystallized at a higher temperature. The heat-treatment conditions and the indentation 
strength after the heat treatment are listed in Table 4. 

TABLE 4 



Sample No. 


Crystallization Temperature 


Strength (MPa) after indentation at indicated load 


1 kg 


10 kg 




1300 *C 


388 


228 


11b 


1450-C 


504 




11c 


1500 "C 


604 




19* 


1 300 • C 




158 


20* 


1300 B C 


284 




22 


1550*C 


634 




27a T 


1300'C 


525 


310 


27b 


1300*C + 1385'C 


731 




28a* 


1300°C 


299 


285 


28b 


1300 <C + 1500 *C 


590 


385 


28c* 


1050* C + 1300 "C 


482 


325 


28d 


1050' C + 1385 °C 


578 


396 


28e 


1050* C + 1420 -C 


667 


387 


28f 


1450*C 


552 




28g 


1500'C 


583 




28h 


1550*C 


623 


375 



75 



25 



30 



35 



40 



Note 

"outside the scope of the present invention 



We can see that sample Nos. 11 a, 19, 20, 27a, 23a, and 28c which were crystallized at 1300°C lost a 
significant fraction of their damage resistance property as indicated by the low indentation strength, 
whereas a further annealing at temperatures not lower than 1375*C (sample Nos. 27b and 28b) leads to 
recovery of the damage resistance o-operty, i.e. high indentation strength. Furthermore, all samples 
crystallized at temperatures greater than 1375*C have indentation strengths similar to that of the samples 
containing primarily amorphous grain boundary phase. 



Claims 



45 



50 



55 



1. A silicon nitride sintered body having a composition consisting essentially of: 

(a) 85 to 94% by weight 0 silicon nitride; 

(b) 6 to 15% by weight grain boundary phases consisting essentially of (i) at least two rare earth 
elements, wherein yttrium is considered a rare earth, and, optionally, strontium which, calculated as 
SrO, is 0 to 2 percent by weight of the total body, and (ii) at least two of Si, N : O and C; and 

(c) an additive consisting essentially of a metal-carbon compound present in the amount of about 0.2 
to 3.5% by volume, said additive being substantially homogeneously dispersed within said sintered 
body, said sintered body having a microstructure wherein fi) said j3 silicon nitride grains are acicuiar 
and have an average grain width ranging from 0.5 to 1.5 um, (ii) at least 25% of said grains have 
width greater than 0.7 um, and at least 10% oi said grains have width greater than 1 am, and (iii) no 
more than 5% of said grains nave width greater than 3.5 um and apparent aspect ratio greater than 
5, with the proviso that the average aspect ratio of all grains is at least 1.8, and having a density at 
least 95% of theoretical. 
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2. A silicon nitride sintered body as recited by claim 1, wherein said metal carbon compound is a carbide, 
nitro-carbide or oxynitro-carbide and said metal is at least one of Si, Ti, Hf, Zr, Ta, Mo and V. 

3. A silicon nitride sintered body as recited by claim 2, wherein said metal carbon compound is selected 
5 from the group consisting of silicon carbide, titanium carbide, hafnium carbide and tantalum carbide. 

4. A silicon nitride sintered body as recited by claim 1 , having a chevron-notch fracture toughness greater 
than 7.5 MPa- m 0 - 5 and indentation strengths greater than 500, 400, 350, 300, 270, and 220 MPa at 
indentation loads of 1. 5, 10, 20, 30 and 50 kg, respectively. 

10 

5. A silicon nitride sintered body as recited by claim 1, having a 4-pt flexural strength of at least 600 MPa 
at room temperature and at least 450 MPa at 1375* C. 

6. A silicon nitride sintered body as recited by claim 1 having yttrium and lanthanum as rare earth 
75 elements in the grain boundary phases with yttrium, calculated as Y2O3, ranging from 1 to 5 wt% and 

lanthanum, calculated as La 2 03, ranging from 3 to 8 wt%. 

7. A silicon nitride sintered body as recited by claim 1, said body having been sintered by a process 
having at least two steps, wherein: 

20 (a) at least a first of said steps is carried out at a temperature between 1800 and 2000 °C and for a 

time ranging from about 1 to 10 hrs. in order to prepare an intermediate ceramic; 
(b) at least a succeeding one of said steps is carried out at a temperature ranging form about 2000 
to 2100 C C and for a time ranging from about 1 to 10 hrs. in order to heat treat the intermediate 
ceramic; 

25 (c) each of said steps being carried out under nitrogen pressure sufficiently high to avoid 

decomposition of silicon nitride, and the temperature of said succeeding steps being at least 25 °C 
greater than that of said first of said steps. 

8. A silicon nitride sintered body as recited by claim 1, wherein said grain boundary phases are 
30 substantially crystalline and are formed or recrystaliized by annealing at temperatures of at least 

1375 -C. 

9. A silicon nitride sintered body as recited by claim 1, having a chevron-notch fracture roughness greater 
than 8 MPa«m 0 - 5 and 4-pt flexural strength of at least 700 MPa at room temperature and at least 500 

35 MPaatl375*C. 

10. A silicon nitride sintered body as recited by claim 9, wherein said average grain width ranges from 0.6 
to 1.2 urn, at least 25% of the grains having width greater than 0.8 urn, at least 10% of the grains 
having width greater than 1.1 urn, less than 5% of the grains having width greater than 3 and an 

40 apparent aspect ratio greater than 5, with the proviso that the average aspect ratio is at least 1.8. 

Patentanspruche 

1. Aus Siliziumnitrid gesinterter Korper mit einer Zusammensetzung, die im wesentiichen aus folgendem 
45 besteht: 

(a) 85 bis 94 Gewichts-% ^-Siliziumnitrid; 

(b) 6 bis 15 Gewichts-% an Korngrenzphasen, die im Wesentiichen aus (i) zumindest zwei 
Elementen Seltener Erden bestehen, wobei Yttrium als Seltene Erde betrachtet wird, und gegebe- 
nenfalls Strontium, das, als SrO berechnet, 0 bis 2 Gewichtsprozent des gesamten Korpers 

50 ausmacht, und (ii) zumindest zwei von Si, N, 0 und C; und 

(c) ein im wesentiichen aus einer Metall-Kohlenstoff-Verbindung bestehender Zusatz, der in einer 
Menge von etwa 0,2 bis 3.5 Volumen-% vorhanden ist, wobei der Zusatz innerhalb des gesinterten 
Korpers im wesentiichen homogen dispergiert ist und der gesinterte Korper eine Mikrostruktur 
aufweist, worin (i) die Korner aus /S-Siliziumnitrid nadetformig sind und eine durchschnittliche 

55 Kornbreite besitzen, die von 0.5 bis 1,5 um reicht, (ii) wenigstens 25% der Korner eine groBere 

Breite als 0,7um und wenigstens 10% der Korner eine groBere Breite als 1 um haben und (iii) nicht 
mehr als 5% der Korner eine groBere Basils- als 3.5 um und ein groBeres augenscheinliches 
Aspektverhaltnis als 5 unte- der Vorausse~7..n:; haben, daB das durchschnittliche Aspektverhaltnis 
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aller Korner zurnindest 1,8 betragt und mit einer Dichte von zumindest 95% der theoretischen. 

2. Aus Siliziumnitrid gesinterter Kdrper nach Anspruch 1, bei dem die Metall-Kohlenstoff-Verbindung ein 
Carbid, ein Nitrocarbid oder ein Oxynitrocarbid ist und das Metal! wenigstens eines von Si, Ti, Hf, Zr, 

5 Ta, Mo und V ist. 

3. Aus Siliziumnitrid gesinterter Korper nach Anspruch 2, bei dem die Metall-Kohlenstoff-Verbindung aus 
der aus Siiiziumcarbid, Titancarbid, Hafniumcarbid und Tantalcarbid bestehenden Gruppe' ausgewahlt 
ist. 

10 

4. Aus Siliziumnitrid gesinterter Korper nach Anspruch 1, mit einer grofleren Chevron-Kerbbruchzahigkeit 
als 7,5 MPa-m 0,5 und groBeren Kerbfestigkeiten als 500, 400, 350, 300, 270 und 220 MPa bei 
jeweiligen Kerbbetastungen von 1, 5, 10, 20, 30 und 50 kg. 

75 5. Aus Siliziumnitrid gesinterter Kdrper nach Anspruch 1, mit einer 4-Punkt-Biegefestigkeit von minde- 
stens 600 MPa bei Raumtemperatur und wenigstens 450 MPa bei 1375°C. 

6. Aus Siliziumnitrid gesinterter Korper nach Anspruch 1, mit Yttrium und Lanthan als Elemente Softener 
Erden in den Korngrenzphasen, wobei Yttrium, als Y2O3 berechnet, von 1 bis 5 Gew.-% reicht und 

20 Lanthan, als La2 0 3 berechnet, von 3 bis 8 Gew.-% reicht. 

7. Aus Siliziumnitrid gesinterter Korper nach Anspruch 1, welcher Korper durch ein Verfahren mit 
mindestens zwei Schritten gesintert wurde, wobei: 

(a) zumindest ein erster dieser Schritie bei einer Temperatur zwischen 1800 und 2000 * C und 
25 wahrend einer von etwa 1 bis 10 Stunden reichenden Zeit durchgefuhrt wird, um eine Zwischenkera- 

mik herzustelien; 

(b) zumindest ein darauf foigender der Schritte bei einer Temperatur zwischen 2000 und 2100*C 
und wahrend einer von etwa 1 bis 10 Stunden reichenden Zeit durchgefuhrt wird, um die 
Zwischenkeramik warmezubehandein; 

oC (c) wobei jeder dieser Schritte unter ausreichend hohem Stickstoffdruck ausgefuhrt wird, um eine 

Zersetzung des Siliziumnitrides zu vermeiden, und die Temperatur der anschliessenden Schritte um 
zumindest 25° C groBer ais die des ersten der Schritte ist. 

8. Aus Siliziumnitrid gesinterter Korper nach Anspruch 1, bei dem die Korngrenzphasen im wesentlichen 
35 kristallin sind und durch Gluhen bei Temperaturen von wenigstens 1375° C gebildet bzw. rekristallisiert 

sind. 

9. Aus Siliziumnitrid gesinterter Korper nach Anspruch 1, mit einer groBeren Chevron-Kerbbruchrauheit 
ais 8 MPa*m 0,5 und einer 4-Punkt-Biegefestigkeit von wenigstens 700 MPa bei Raumtemperatur und 

40 sumindest 500 MPa bei 1 375 0 C. 

10. Aus Siliziumnitrid gesinterter Kdrper nach Anspruch 1, bei dem die durchschnittliche Kornbreite von 0,6 
bis 1,2 um reicht, zumindest 25% der Korner eine groBere Breite als 0,8 urn besitzt, wenigstens 10% 
der Korner eine groBere Breite als 1,1 um aufweist Weniger als 5% der Korner eine groBere Breite als 

45 3 und ein groBeres augenscheinliches Aspektverhaltnis als 5 unter der Voraussetzung hat, daB das 

durchschnittliche Aspektverhaltnis wenigstens 1,8 betragt. 

Revendications 

50 1. Corps fritte en nitrure de silicium ayani une composition constitute essentiellement de : 

(a) 85 a 94 % en poids de ^-nitrure de silicium: 

(b) 6 a 15 % en poids de phases limites des grains, constitutes essentiellement de (i) au moins 
deux elements des terres rares, ou {'yttrium es« considere comme une terre rare, et, en option, de 
strontium qui, calcule sous forme de SrO, est de 0 a 2 pour cent en poids du corps total, et (ii) au 

55 moins deux des elements Si, N, O et C; et 

(c) un additif constitue essentiellement d un compose de metai-carbone present dans la quantite 

d'environ 0,2 a 3,5 pour cent en volume. .edi\ codus: i \ disperse d'une maniere sensibiement 

homogene dans ledit corps fritte. iedi- " v • • ■ - ■'croEtrucvj' p e dans laquelle (P> 
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grains de nitrure de silicium /9 sont acicuiaires et ont une largeur de grain moyenne comprise entre 
0,5 et 1,5 um, (ii) au moins 25 % desdits grains ont une largeur superieure a 0,7 um, et au moins 
10 % desdits grains ont une largeur superieure a 1 am, et (iii) pas plus de 5 % desdits grains ont 
une largeur superieure a 3,5 um et un rapport d'aspect apparent superieur a 5, a condition que le 
5 raoport d'aspect moyen de.tous ies grains soit au moins 1.8, et ayant une densite d'au moins 95 

pour cent de la densite theorique. 

2. Corps fritte en nitrure de silicium selon la revendication 1, dans lequel ledit compose de metal-carbone 
est un carbure, un nitrocarbure ou un oxynitrocarbure et ledit metal est au moins Tun des : Si, Ti, Hf, 

10 Zr> Ta, Mo et V. 

3. Corps fritte en nitrure de siiicium selon la revendication 2, dans lequel ledit compose de metal-carbone 
est choisi dans le groupe constitue du carbure de siiicium, du carbure de titane, du carbure d'hafnium 
et du carbure de tantale. 

T5 

4. Corps fritte en nitrure de silicium selon la revendication 1 , ayant une tenacite a la rupture par 
eprouvette entaillee de Chevron superieure a 7,5 MPa.m 0,5 et une resistance a la formation d'entailies 
superieure a 500, 400, 350, 300, 270 et 220 MPa a des charges de formation d'entailies de 1, 5, 10, 
20, 30 et 50 kg. respectivement. 

20 

5. Corps fritte en nitrure de silicium selon la revendication 1, ayant une resistance a la flexion a 4 points 
d'au moins 600 MPa a la temperature ambiante et d'au moins 450 MPa a 1375°C. 

6. Corps fritte en nitrure de silicium selon la revendication 1, ayant de ryttrium.et du lanthane comme 
25 elements des terres rares dans ies phases limites des grains avec 1'yttrium, calcule sous forme de 

Y2O3, compris entre 1 et 5 % en poids et le lanthane, caicule sous la forme de La 2 03, compris entre 3 
er 8 %. 

7. Corps fritte en nitrure de silicium selon la revendication 1 , ledit corps ayant ete fritte par un procede 
30 comportant au moins deux etapes, dans lequel : 

(a) au moins une premiere desdites etapes est executee a une temperature comprise entre 1800 et 
2000 °C pendant une duree comprise entre environ 1 et 10 heures de fagon a preparer une 
ceramique intermediate; 

(b) au moins une etape uiterieure desdites etapes est executee a une temperature comprise entre 
35 environ 2000 et 2100°C et pendant une duree comprise entre environ 1 et 10 heures de maniere a 

traiter thermiquement la ceramique intermediaire; 

(c) chacune desdites etapes etant effectuee sous une pression d'azote suffisamment elevee pour 
eviter la decomposition du nitrure de silicium, et la temperature desdites etapes uiterieures etant 
d'au moins 25 *C superieure a celie de ladite premiere desdites etapes. 

40 

8. Corps fritte en nitrure de silicium selon la revendication 1, dans lequel iesdites phases limites des 
grains sont sensiblement cristallines et sont formees ou recristaliisees par recuit a des temperatures 
d'au moins 1375"C. 

45 9. Corps fritte en nitrure de silicium selon la revendication 1, ayant une tenacite a la rupture par 
eprouvette entaillee de Chevron superieure a 8 MPa.m 0,5 et une resistance a la flexion en 4 points d'au 
moins 700 MPa a ia temperature ambiante et d'au moins 500 MPa a 1375*C. 

10. Corps £ritte en nitrure de silicium selon la revendication 9, dans lequel ladite largeur moyenne des 
50 grains est comprise entre 0,6 et 1,2 um, au moins 25 % des grains ayant une largeur superieure a 0,8 

um, au moins 10 % des grains ayant une largeur superieure a 1,1 um, moins de 5 % des grains ayant 
une largeur superieure a 3 et un rapport d'aspect apparent superieur a 5, a condition que le rapport 
d'aspect moyen soit au moins 1.8. 
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